The spurt of growth in the wind energy industry has led to the development of many new technologies to study this energy resource and improve the efficiency of wind turbines. One of the key factors in wind farm characterization is the prediction of power output of the wind farm that is a strong function of the turbulence in the wind speed and direction. A new formulation for calculating the expected power from a wind turbine in the presence of wind shear, turbulence, directional shear and direction fluctuations is presented. It is observed that wind shear, directional shear and direction fluctuations reduce the power producing capability, while turbulent intensity increases it. However, there is a complicated superposition of these effects that alters the characteristics of the power estimate that indicates the need for the new formulation. Data from two field experiments is used to estimate the wind power using the new formulation, and results are compared to previous formulations. Comparison of the estimates of available power from the new formulation is not compared to actual power outputs and will be a subject of future work.
INTRODUCTION
The recent surge in the technological advances in the field of wind energy has seen development of turbines capable of producing power in the multi-MW range. Advances in wind turbine technology have resulted in wind turbines with hub-heights routinely over 100 m and rotor diameters reaching as high as 160 m (e.g. the Vestas V164 unveiled in 2014). With increased size and power capacity of wind turbines, come concerns of accurately predicting the power output from these turbines. Traditionally, wind measurements have been carried out using meteorological towers which provide point measurements at hub heights. With the increase in rotor swept area and hub heights, the impact of wind shear and turbulence intensity become increasingly relevant, and point measurements from meteorological towers no longer are good representations of the wind interacting with the turbine (e.g. Sumner et al.
1
, Wagner et al. 2 and Wharton and Lundquist 3 ). Direct implications of these developments are in the areas of power forecasting and wind turbine control. No longer is it enough to measure/predict wind speed at hub-height in order to estimate wind power production. In addition to the variability in wind speed and direction with height, the turbulence parameters such as fluctuations of velocity components and direction fluctuations are important for determining the power availability. The effect of wind speed turbulence on wind power production has been a subject of considerable research, e.g. Elliot and Cadogan 4 demonstrated the influence of wind shear and turbulence on wind turbine power curves. Wagner et al. 2 showed that significant error in power measurement could result if the effect of wind shear was ignored and demonstrated the use of equivalent wind speed method for power curve measurement. Wind speed fluctuations are often accompanied by fluctuations in wind direction. The power output is calculated assuming the wind interacts with the rotor parallel to its axis. Misalignment of the wind direction with the rotor axis can significantly reduce the power output. Akhmatov 5 describes the influence of wind direction on wind power fluctuations. Pedersen 6 using the 3D actuator disk model showed that the power output is related to the yaw angle error through a cos 2 relationship. But these studies do not quantify the effect of fluctuations in the wind direction. In addition, it is not uncommon to find shear in wind direction to accompany shear in wind speed across the rotor swept area. Therefore, the combined effects of the shear in wind direction and wind speed need to be considered for accurate assessment of the wind power output. In the present paper, theoretical formulations will be presented that take into account the effects of wind speed direction fluctuations, wind shear, wind speed turbulence and directional shear on wind power output. The rest of the paper is structured as follows. In section 2, we will derive an expression that accounts for turbulence in velocity and direction as well as shear in velocity and direction. From this, an expression for equivalent wind speed will be developed. In section 3 the effect of the above parameters on wind power production will be quantified for ideal cases. Section 4 will discuss power calculations using lidar data in flat homogenous terrain and complex terrain, and Section 5 outlines the conclusions and future work.
NEW EQUIVALENT WIND SPEED FORMULATION
The effect of wind shear and wind direction on power output of wind turbines has been evaluated independently (e.g. Wagner et al.
2
, Kaiser et al. 7 and Antoniou et al.
8
). However, these effects do not occur in isolation. Therefore, the following formulation will attempt to quantify their combined effect. To start off, the power available in the wind can be expressed in the form of wind power flux or kinetic energy flux 2 defined as:
where ρ is the density of air, C P is the coefficient of power, A is the rotor swept area and U(t) is the instantaneous wind speed. Equation (1) assumes that the wind hits the wind turbine parallel to the axis and that the wind is uniform over the rotor swept area. If the wind interacts with the turbine at an angle φ, as shown in Figure 1 , then to account for the possibility of azimuthal angle variations in the airflow, we re-write the equation (1) as: New formulation for equivalent wind speed A. Choukulkar et al.
where φ(t) is the angle of the wind to the turbine axis. Usually the quantity of interest is a temporal average of the power. In order to derive an expression for temporally averaged power, we perform a Reynold's decomposition:
where, U t ð Þ and φ t ð Þ are the temporal means of the wind speed and wind direction respectively and u′(t) and φ′(t) are perturbations or fluctuations about their respective means. Hereafter, for simplicity of notation, U t ð Þ, u′(t), φ t ð Þ and φ′(t) will be written as U, u′, φ and φ′ respectively. Substituting equation (3) into equation (2) and performing a Taylor's expansion we find:
It is assumed that the higher order terms can be neglected. Now performing a temporal average of the above equation, u ′ and φ ′ go to zero and we have:
where σ 2 u is the variance of wind speed and σ 2 φ is the variance of direction. From equation (5) we can write the turbulent equivalent wind speed as:
Equation (6) captures the effect of turbulence intensity, wind direction shear and direction fluctuations at one height level. However, as explained in Wagner et al. 2 , these effects can vary over the rotor swept area and need to be weighted as a function of height. This is achieved by substituting equation (6) into the equivalent wind speed formulation proposed by Wagner et al.
2 (re-written in equation (7) below) that accounts for velocity change as a function of height. Substituting the turbulent equivalent wind speed, given by equation (6) , into the shear equivalent wind speed we get:
where σ 2 ui is the variance of velocity fluctuations at i-th level, φ i is the angle of the wind with respect to the rotor axis at i-th level, U i is the wind speed at the i-th level and σ 2 φi is the direction fluctuations at the i-th level. Therefore the equivalent wind power content is given by:
In the derivation of equation (8), it was assumed that perturbations in density are negligible. It was further assumed that the efficiency of a turbine is unaltered by the shear and turbulence, and hence the same C p is used in equations (1), (2), (4), (5) and (8) .
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QUANTIFYING THE IMPACT OF TURBULENCE ON WIND POWER
From the equations derived in Section 2, it is possible to quantify the effect of turbulence and direction fluctuations on available wind power content. The available wind power content is strongly correlated with the wind power produced by the turbines and hence gives a reasonable estimate of the expected turbine performance in those conditions. Based on typical values of wind and direction shear as well as turbulence intensity, 3 the variations in available wind power content are estimated using equation (8) . These variations are presented in Figure 2 . For the power calculations presented here, we assume a wind turbine with hub height of 80 m and rotor diameter of 100 m. We arbitrarily assigned a hub-height wind speed of 10 m s À1 , and the power calculations for various conditions are normalized using this base condition.
As seen from Figure 2a , negative values of shear exponent increase available power, while positive values of shear exponent reduce available power (the minima is at α = 0.45). It should be noted that this minima would change depending on the rotor diameter. Figure 2b shows that, theoretically, higher values of turbulence intensity increase the energy content of the wind. However when it comes to actual power production by the wind turbine, various studies (e.g. Akhmatov 5 and Tindal et al.
10
) have shown that turbulence intensity increases power production at lower wind speeds and reduces power production near the rated wind speeds. This shows one of the limitations of the formulation presented here. Therefore all the results presented here, especially effects of direction shear and direction fluctuations, need to be verified experimentally to determine the accuracy of this formulation. Figures 2c and 2d show that wind direction shear and direction fluctuations reduce the available wind power content. It should be noted that the range of values for the various parameters used to produce Figures 2 and 3 might extend beyond what is typically observed. This was done to demonstrate the theoretical response of available power based on the formulation presented in equation (8) . Further studies are required to determine the expected range of values for these parameters and compare the theoretical response to actual power production.
Since, these four effects do not occur individually, but occur in combination, studying the combined effects of these parameters is essential to understand the variability in available wind power. Figure 3 shows the variation of wind power content because of the combined effects of various turbulence parameters. It can be seen that the combined influence of turbulence and wind speed shear can produce deficits in available power up to 10%. And, wind direction shear and direction fluctuations can introduce deficits in available power of up to 14%. It is also observed from Figure 3c that wind speed shear and wind direction shear, which can result in available power deficits of~15% or higher, are the main contributors to variations in available wind power. ). It is observed that the two analyses show a similar trend in power variation with two important differences. First, the results from Walter 11 show that effect of direction shear is not symmetric about zero (see Walter 11 for details on this), and the second is that the reduction in power estimated by the analytical formulation (equation (8)) is significantly higher. It should be noted that some differences are expected as using equation (8) we estimate the differences in available energy in the wind given the presence of wind and direction shear while the results from Walter 11 show differences in expected power production in presence of wind and direction shear as estimated by the FAST software which models the turbine response for a given inflow condition. That is, Figure 4 (a) can be thought as modeled turbine response to difference in available energy shown in Figure 4 (b). It is clear that there could be limitations to what the formulation presented here can predict about power production. However, estimates of available energy predicted using this formulation could still be quite useful for applications such as wind resources assessment and wind power forecasting especially if the correlations between available energy and actual power production is properly understood. Therefore it is clear that experimental evaluation of these effects is necessary to understand the actual influence of these variables on power production and determine the usefulness of this formulation.
POWER CALCULATIONS USING LIDAR DATA
Remote sensing instruments such as Doppler lidars can provide high temporal and spatial resolution measurements to compute mean profiles of wind speed and direction with a vertical binning as low as 1 m (see Pichugina et al. 12 ). In the present section, the new formulation of the equivalent wind along with measurements from the High Resolution Doppler lidar (HRDL) developed at the National Oceanic and Atmospheric Administration (NOAA), as described in Grund et al.
13
, is used to study of the effects of wind speed and direction shear on available wind power. The HRDL can provide measurements with 30 m range resolution either through fixed elevation horizontal slice scans (Plan Position Indicator-PPI) or fixed azimuth vertical slice scans (Range Height Indicator-RHI). The HRDL can produce data rich measurements in horizontal and vertical planes over a wind farm site allowing identification of fluid dynamic processes occurring over a wide range of scales (see, e.g. Pichugina et al. 12 and Banta et al.
14
). Lidar data collected during two field deployments will be used to study the new formulation for wind power availability. The first field experiment called Lamar Low Level Jet Project (a wind energy experiment in southeast Colorado) was conducted in September 2003 at a high plains location south of the town Lamar. 15 The 2 week lidar deployment was a part of the ongoing 2 year experiment conducted at this site by the National Renewable Energy Laboratory (NREL) prior to the siting a wind farm (about 100, 1.5 MW Siemens turbines). The winds at this location exhibit frequent low level jet formation with significant wind speed shear with height. This site was characterized by simple flat terrain, and there was no significant wind direction shear observed (discussed later-see Figure 8 ). For the second experiment, the HRDL was deployed to the NREL National Wind Technology Center (NWTC) to measure the winds both upwind and downwind of a research wind turbine. This measurement campaign was part of the Turbine Wake and Inflow Characterization Study (TWICS), a joint field program involving NOAA, University of Colorado, Cooperative Institute for Research in Environmental Sciences (CIRES), Lawrence Livermore National Laboratory (LLNL) and NREL. (8)). In both figures, the magnitude of color represents percentage change compared to value in absence of wind and direction shear.
The HRDL performed various scan configurations to envelop the vertical and horizontal extents of the wake from the turbine. This site had fairly complex terrain with several instances of strong wind speed shear as well as wind direction shear (see Figure 9 ). In both these field campaigns, the scanning strategy of the Doppler lidar was designed with the respective science goals in mind. A series of vertical and horizontal scans were performed with varying scan speeds to sample the winds with a repeat period of 15 min. The primary scanning mode for the HRDL during Lamar was the vertical slice RHI scans pointed into the mean wind. This scanning strategy was aimed at identifying low-level jets characteristics and their implications on wind turbines. The RHI scans were interspersed with some low angle and high angle PPI scans to create mean wind speed and direction profiles. Of these scans, only the low angle PPI scans (at 1°, 2°and 3°) are used in the present analysis to create a wind profile once every 15 min. Therefore, we are using a very small subset of the available data and are only able to create profiles of the required variables up to 90 m above ground level (AGL) as shown in Figure 7(a) . Similarly for the TWICS campaign, only the PPI sector scans of elevation angle 2°, 4°and 6°are used to retrieve the parameters required for this analysis resulting in wind profiles up to 130 m AGL (as shown in Figure 7b ) every 15 min.
In order to retrieve the wind fields from the lidar data, the optimal interpolation (OI) technique 16 was used. The OI is a statistical technique which starts off with a first guess of the wind field and corrects this first guess using Bayesian formalism to estimate the maximum likelihood wind field given the first guess and the radial velocity observations. In this case, a VAD (velocity azimuth display) estimate is used as the first guess. In its present form, the OI technique is only applicable to low level PPI scans of less than 10°elevation angles. 16 Since this technique is used only for low-level PPI scans and does not make any assumptions about the homogeneity or isotropy of the wind field, it is expected to work equally well in simple or complex terrain. Previous work using this technique found that this technique provided reasonable retrievals in complex terrain (see Choukulkar et al.
16
, Choukulkar et al. 17 ). Example retrievals using this technique are presented in Figures 5 and  6 . Figure 5 shows retrievals of wind speed and direction on a 2°elevation conical scan. As seen from the figure, the wind speed increases as one moves radially outwards from the center and then reduces towards the outer edge of the scan, which implies that the wind speed first increases with height (points away from the center are higher than points near the center of the scan because of the conical shape) and then reduces. This indicates presence of a jet maxima within the heights covered by the scan. Figure 6 shows a PPI sector scan centered on a wind turbine. The wake region behind the turbine can be identified by the cooler colors. In our analysis, care was taken to ensure we do not use the data from the wake region, by using only the beams adjacent to the wind turbine.
The retrieved wind fields were binned into vertical bins each of heights 5 m to create a vertical profile of wind speed and directions. Figure 7 shows how the data from the lidar scans was binned to create the wind speed and direction profiles. As seen from Figure 7a , data over a horizontal range of 800 m was used to create profiles of wind speed and direction for the Lamar experiment. The dashed black vertical lines indicate the start and end of the ranges used to bin the data and create the profile. The choice of this range was to have a profile from 20 m above the ground and to go as high as possible. In addition, for the Lamar dataset, because of low aerosol conditions, maximum range of lidar measurements was limited to around 2000 m from the lidar. In Figure 7b we see that data over a horizontal range of 660 m is used for the TWICS experiment. In this experiment, the wind turbine location is indicated by the solid blue line. The dashed black vertical lines indicate the range of data used to create the wind profile. The selection criteria here was to include heights ranging from 20 m above the ground to 130 m above the ground so as to capture the full wind turbine rotor layer. For the TWICS dataset, additional care was taken to only use beams not contaminated by the wind turbine wake. This was done by choosing beams adjacent to the wind turbine instead of in line with it. In addition, data quality was ensured through an SNR filter which discarded data with low SNR values. It should be noted that in this analysis we do not study the effect of turbulence intensity and variance of direction fluctuations. In order to include these variables, the temporal averaging period would have to be quite large (~2 h) given the scanning strategy and limited scans used for this analysis. Therefore only the effect of wind shear and wind direction shear is included. However, since these two parameters have the largest effect on available wind power (see Figures 2 and 3) , a significant portion of the variability is captured. In addition, it is assumed that the wind turbine is always aligned such that at hub height, the axis of the rotor is parallel to the wind direction. In real-time applications, this may not always be the case, or there may be a time lag before this may be achieved. This effect is ignored in the present analysis.
The wind shear and direction shear calculated from this data is shown in Figures 8 and 9 . The shear in the wind speed and direction is calculated as the difference in the value from one level to the previous level divided by the difference in height. Therefore the units are m s À1 m À1 for wind shear and degree m À1 for direction shear. The wind speed shear and wind direction shear observed during the Lamar project are shown in Figure 8 . As seen from Figure 8a , there is significant wind speed shear, but very little wind direction shear (Figure 8b ), a typical occurrence at this site. The choice of scanning New formulation for equivalent wind speed A. Choukulkar et al. strategy during this experiment limits the data to only the first 90 m AGL. Whereas, the data collected during TWICS, which was conducted in complex terrain, there is substantially more wind speed and wind direction shear observed ( Figure 9 ). In addition, the scans performed during this experiment allow estimating profiles up to 130 m AGL.
Once the wind speed and direction shear are estimated, their effect of available power can be estimated using the equivalent wind speed formulations. For the Lamar dataset, a wind turbine with hub-height 65 m and rotor diameter 52 m are assumed (modeled on the Vestas V52 wind turbine), while for the TWICS dataset a wind turbine with hub-height 80 m and rotor diameter 100 m is assumed (modeled on the Siemens 2.3 MW wind turbine). Figure 10 shows the comparison of the differences between the hub height wind speed and the equivalent wind speed calculated using the formulation proposed by Wagner et al. 2 and the new formulation presented in equation (7). The percentage difference is calculated as:
The percentage difference was calculated for the formulation by Wagner et al. 2 denoted by 'U_Wagner -U_Hub' (blue line) and for the new formulation denoted by 'U_NewFormula -U_Hub' (red line). It is observed that both the formulations show significant differences compared to the hub height wind speed (Figure 10) . The difference between the two formulations is not significant in the Lamar data set (Figure 10a ). This is expected as in the Lamar site, very low wind direction shear was observed. Therefore the two formulations provide a similar estimate of the equivalent wind speed. However, it is observed that the deviation from the hub-height wind speed is mostly negative. This is because of the nature of the wind profile observed during this time, where the wind maxima occurred within the turbine rotor layer, which resulted in the equivalent wind speed being lower than the hub-height wind speed. Significant differences between the two formulations are observed in the TWICS data set (Figure 10b ). This is because of the presence of significant wind direction shear at this site which results in the new formulation estimating a lower equivalent wind speed value. In addition, it is observed that the two site have a considerably different wind shear profiles. In the Lamar site, wind shear results in lower equivalent wind speed values compared to hub-height wind speed (predominantly positive shear exponent values), while in the TWICS site, wind shear is seen to produce both higher and lower equivalent wind speed compared to hub-height values (both positive and negative shear exponent values).
In order to quantify the effect of wind direction shear on wind power, the percentage difference in the equivalent power estimated from Wagner et al.
2 formulation and the new formulation is plotted in Figure 11 . The equivalent power is proportional to the cube of the respective equivalent wind speed. Therefore percentage difference is calculated as:
As seen from Figures 11a and 11b , the effect of direction shear reduces the available power up to~14%. On average the new formulation predicts the available power to be 1.3% lower than that estimated from Wagner et al.
2 formulation in the TWICS dataset and 0.3% lower for the Lamar dataset. Therefore it is observed that the new formulation predicts significant New formulation for equivalent wind speed A. Choukulkar et al. differences in the available power values in the presence of direction shear. This effect needs to be studied further and validated against actual power production values.
DISCUSSION OF RESULTS
From the results presented in the previous section, it is clear that direction shear, in addition to wind speed shear, may have a significant effect on wind power production. As seen from Figure 4 , there is a significant difference in estimates of available power calculated through this formulation (equation (8)) and power production estimated from FAST. Therefore, thorough experimental evaluation of these results will be necessary to completely understand the influence of these variables on power production. Through experimental verification and simulations the theoretical formulation could be appropriately modified, if required, to estimate actual power production.
A theoretical formulation, such as the one presented here to estimate available power can be useful in several ways. This formulation can be used for wind resource assessment to arrive at an estimate of available power that accounts for not only wind shear and turbulence, but also directional shear and direction fluctuations. The formulation presented here is simple enough that it can be easily integrated into wind resource assessment performed either through measurements or through numerical model outputs. This formulation can also be used to develop optimal control strategies that produces the maximum power in the given conditions once the relationship between available energy and actual power production is well understood. For example, the results presented in this paper assume that the wind turbine yaws instantaneously to the average wind direction within the rotor swept area. However, this may not be the optimal yaw angle based on the wind New formulation for equivalent wind speed A. Choukulkar et al.
shear conditions prevalent at that time. In addition, the wind turbine will require some finite amount of time to yaw to the desired angle. Using this formulation the available power taking this lag into account could be estimated. The results presented in the paper demonstrate the need for measurements and model outputs at several heights within the turbine rotor layer. This can be achieved quite easily through remote sensing measurements such as profiling lidars or scanning Doppler lidars. Use of scanning Doppler lidars performing PPI scans at several elevation angles (and using optimal interpolation 16 technique to retrieve wind fields) has an added advantage of capturing spatial variability, especially in complex terrain. The wind profiles used in this paper are created from just three PPI scans which result in mixing up the horizontal and vertical variations. The wind profiles could be made more representative, especially in complex terrain by using PPI scans at several elevation angles and thus reducing the horizontal averaging required to create a wind profile. In addition, understanding the spatial representativeness and sampling errors associated with creating wind profiles using different technique (VAD, Doppler Beam Swinging and OI technique) is the subject of ongoing research at NOAA Earth System Research Laboratory.
CONCLUSION AND FUTURE WORK
An expression for equivalent wind power has been derived that captures the effect of turbulence on available wind power content. Using this equivalent wind power equation, the effect of wind shear, turbulence intensity, direction shear and direction fluctuations on available wind power are estimated. The importance of wind speed shear has already been well documented (e.g. Wagner et al.
2
, Wagner et al. 18 and Clifton et al.
19
). Using the new formulation, it is observed that wind direction shear also has a significant impact on the available wind power. In addition, it is shown that this equation allows estimation of the combined effect of various turbulence parameters.
Data from two field deployments, Lamar Low Level Jet Project and TWICS are used to quantify the differences in power availability estimated using the new formulation. Percentage differences in the available power calculated using the new formulation and that from Wagner et al.
2 is observed to be 1.3% on average in presence of wind direction shear. This observation emphasizes the importance of conducting further validation experiments to test the new formulation against measured wind turbine power output.
This result also highlights the importance of developing measurement techniques that can provide simultaneous profiles of wind speed, wind direction and their turbulent fluctuations over a wind farm area. For remote sensing instruments such as a scanning Doppler lidar, this could be a repeating stack of PPI sector scans that intersect the rotor layer at several heights. This type of scanning pattern can also be used to look upwind of a wind farm to estimate the available wind power and compare against actual power production. Performing this type of validation exercise will be essential to ascertain the accuracy of this formulation and to make improvements if necessary.
